MD; for the BiPOP Study Group IMPORTANCE Noninvasive ventilation delivered as bilevel positive airway pressure (BiPAP) is often used to avoid reintubation and improve outcomes of patients with hypoxemia after cardiothoracic surgery. High-flow nasal oxygen therapy is increasingly used to improve oxygenation because of its ease of implementation, tolerance, and clinical effectiveness.
therapy is insufficient to correct hypoxemia, noninvasive ventilation is often used to avoid reintubation and improve outcomes, 3-7 notably as a preventive or curative intervention after cardiothoracic surgery. 4, 5 A moderate level of evidence (grade 2) supports noninvasive ventilation to treat postoperative respiratory failure. 8 However, this technique is difficult to implement, requires substantial resources, and may cause patient discomfort. [7] [8] [9] [10] It fails in approximately 20% of patients after cardiothoracic surgery, who then require reintubation. 2, 7, 11, 12 High-flow nasal oxygen therapy involves the continuous delivery of up to 60 L/min through a nasal cannula, with optimal heat and humidity. It is increasingly used because of ease of application, patient tolerance, and theoretical clinical benefits [13] [14] [15] and may constitute an important alternative to noninvasive ventilation.
We hypothesized that high-flow nasal oxygen therapy was not inferior to noninvasive ventilation for preventing or resolving acute respiratory failure after cardiothoracic surgery. To assess this hypothesis, we performed a multicenter, randomized, noninferiority trial of high-flow nasal oxygen therapy vs noninvasive ventilation after extubation. The primary outcome was the frequency of treatment failure, and secondary outcomes included early changes in respiratory variables, comfort, and respiratory and extrapulmonary complications.
Methods

Trial Design and Oversight
From June 15, 2011, to January 15, 2014, we recruited patients in 6 intensive care units throughout France (study protocol is in Supplement 1). The trial was approved for all centers by the Comité de Protection des Personnes Ile-de-France VII. Because both study treatments were components of standard care, informed consent was not required by the Comité de Protection des Personnes Ile-deFrance. Written and oral information was provided to the patient or relatives. The study was conducted according to the Declaration of Helsinki.
Patients
Patients were eligible if they had undergone cardiothoracic surgery and met any of the following criteria: 1. Failure of a spontaneous breathing trial, defined as arterial oxygen saturation (SaO 2 ) less than 90% with 12 L of oxygen during a T-tube trial or PaO 2 less than 75 mm Hg with a fraction of inspired oxygen (FIO 2 ) of at least 50% during lowlevel pressure support 2. Successful spontaneous breathing trial in patients with any of the following preexisting risk factors for postextubation acute respiratory failure: body mass index greater than 30, left ventricular ejection fraction less than 40%, and failure of previous extubation 3. Successful spontaneous breathing trial followed by failed extubation, defined as at least 1 of the following: PaO 2 :FIO 2 ratio less than 300, respiratory rate greater than 25/min for at least 2 hours, and use of accessory respiratory muscles or paradoxic respiration. Exclusion criteria were obstructive sleep apnea, tracheostomy, do-not-intubate status, delirium, nausea and vomiting, bradypnea, impaired consciousness, and hemodynamic instability.
Randomization
Randomization was conducted in blocks of 2 or 4, regardless of entry criteria, with opaque envelopes, with a single computer-generated (nQuery Advisor) random-number sequence for all centers. Attending physicians randomly assigned patients in a 1:1 ratio to one of the 2 groups (Figure 1 ).
Study Intervention
High-flow humidified oxygen (37°C and 44 mg H 2 O/L) was delivered continuously through a nasal cannula with Optiflow (Fisher and Paykel Healthcare). The initial flow rate was 50 L/min and the initial FIO 2 was 50%, with subsequent adjustments at the physician's discretion to maintain SaO 2 at 92% to 98%.
Bilevel positive airway pressure (BiPAP) was delivered with a full-face mask and either a ventilator specifically designed for BiPAP (BiPap Vision; Respironics) or an intensive care unit ventilator in pressure-support mode with added positive endexpiratory pressure (Dräger Evita XL or 4, Dräger Medical SAS; or Monnal T75, Air Liquide). Exchange filters for heat and moisture were used. Pressure support was increased, starting at 8 cm H 2 O, to achieve an exhaled tidal volume of 8 mL/kg and a respiratory rate less than 25/min. Positive end-expiratory pressure was initially set at 4 cm H 2 O. Fraction of inspired oxygen was 50% initially and then was adjusted to maintain SaO 2 at 92% to 98%. Bilevel positive airway pressure was used initially for 2 hours and then for approximately 1 hour every 4 hours, or more if needed to achieve clinical respiratory stability. Between BiPAP sessions, patients received oxygen via a standard nasal cannula, simple face mask, or nonrebreathing mask to maintain SaO 2 at 92% or higher. Fraction of inspired oxygen was calculated by assuming that it increased by 3% per liter of oxygen 16 ; for the nonrebreathing mask with a reservoir, FIO 2 was assumed to be 80%. During the bedside morning round, when FIO 2 was no higher than 50% with high-flow nasal oxygen therapy, oxygen was administered via a nasal probe instead. High-flow nasal oxygen therapy was discontinued if SaO 2 was at least 95% at 6 L/min or the PaO 2 :FIO 2 ratio was at least 300. Bilevel positive airway pressure was discontinued when fewer than 4 hours per day were needed. The same oxygen therapy method could be resumed within 24 hours after discontinuation if required by the patient's clinical condition. After discontinuation, success was defined as absence of ventilatory support for the next 72 hours. 3, 6 All patients had an active program of physiotherapy during the postoperative period. Two respiratory therapists routinely visited each patient twice between 7 AM and 7 PM, or more often if needed.
Follow-up
Arterial blood gas values and respiratory rate were collected at baseline (before any study intervention), after 1 hour, and between 6 and 12 hours; thereafter, the worst value for each respiratory variable was recorded once a day during the following days. Physiologic variables were recorded after 1 hour of BiPAP or high-flow nasal oxygen therapy and then 6 to 12 hours after study-treatment initiation, during BiPAP or standard oxygen therapy (because BiPAP was used intermittently), or during high-flow nasal oxygen therapy (which was used continuously) (eFigure 4 in Supplement 2).
Patients were asked to grade treatment effects on their dyspnea 17 (2, marked improvement; 1, slight improvement; 0, no change; −1 slight deterioration; and −2, marked deterioration) and comfort 18 (1, very poor; 2, poor; 3, sufficient; 4, good;
and 5, very good). The degree of skin breakdown was assessed by the nurse or physician 18 (0, none; 1, local erythema; 2, moderate skin breakdown; 3, skin ulcer; and 4, skin necrosis). These 3 scales were assessed once daily in the afternoon.
Study Outcomes
The primary outcome was treatment failure, defined as reintubation for mechanical ventilation, switch to the other study treatment, or premature study-treatment discontinuation (at the request of the patient or for medical reasons such as gastric distention). We used predefined criteria for reintubation previously reported by our team, 19 ie, respiratory arrest, respiratory pauses with loss of consciousness or gasping respiration, encephalopathy, cardiovascular instability, unmanageable secretions, clinical signs of exhaustion, refractory hypoxemia (arterial oxygen saturation < 88% with FIO 2 = 100%), or respiratory acidosis (pH < 7.30 and PaCO 2 ≥50 mm Hg). Reintubation decisions were made by the attending physicians. An alternative to reintubation was switching to the treatment used in the other study group, although physicians were encouraged to avoid this measure unless the patient had persistent dyspnea, hypoxemia, or hypercapnia greater than 50 mm Hg. Secondary outcomes included changes in respiratory variables after 1 hour and between 6 and 12 hours, changes in the worst daily values of respiratory variables under treatment, dyspnea score, comfort score, skin breakdown score, respiratory and extrapulmonary complications, and number of bronchoscopies. Fiberoptic bronchoscopy was performed at the discretion of the attending physician and was available 24 hours a day. Post hoc exploratory outcomes included number of nurse interventions for unplanned device displacement and mortality. The period within which all occurred was the intensive care unit stay. Nurse interventions for unplanned device displacement were recorded during the entire time when treatment was provided. The attending nurse did not count the time needed to put the device in place as scheduled.
Definitions of Respiratory and Extrapulmonary Complications
We recorded cases of pneumothorax and acute colonic pseudoobstruction (cecal diameter ≥10 cm on radiographs or neostigmine administration) during spontaneous ventilation. Nosocomial pneumonia was defined by a clinical suspicion with positive bacteriologic culture results from deep lung specimens and was recorded throughout the intensive care unit stay. 
Statistical Analysis
In accordance with previous studies, 12, 19 we estimated that BiPAP would fail in 20% of patients. In a previous study, 20 the absolute difference in the frequency of treatment failure between BiPAP and low-flow oxygen therapy was 16% (95% CI, 1.9%-29.4%). We set the noninferiority margin at 9% according to data reported by Ferrer et al 20 and after discussion with contributing physicians representing the BiPOP study group, who stated that this noninferiority margin at 9% would be clinically relevant. To assess noninferiority of high-flow nasal oxygen with α = .05, β = .20, and 1-sided testing, 840 participants were needed. Noninferiority of high-flow nasal oxygen therapy would be demonstrated if the lower boundary of the 95% CI were less than 9%. The noninferiority hypothesis applied only to the primary end point. For all secondary outcomes, we hypothesized that high-flow nasal oxygen therapy was superior to BiPAP. A 2-sided α value was used for superiority testing. All analyses were performed on an intention-to-treat basis. Baseline categorical characteristics were described as number (%) and quantitative variables as means (95% CI) or median (interquartile range).
For the analysis of secondary outcomes, dichotomous variables were compared with the χ 2 test or Fisher test, as appropriate. We used 3 categories for the dyspnea scale results (improvement, 2 or 1; no improvement, 0; and deterioration, −1 or −2) and comfort scale results (poor, 1 or 2; acceptable, 3; and good, 4 or 5) and then analyzed these categories as dichotomous repeated variables, using the McNemar test. Continuous variables were compared with the t test or Wilcoxon rank sum test. For quantitative repeated variables (physiologic variables at baseline, after 1 hour, and after 6 to 12 hours), a linear mixedeffects model was built to compare the 2 study interventions, with subject as a random effect and graphic verification of model validity. For multiple between-group comparisons at baseline, after 1 hour, and after 6 to 12 hours, we applied the Bonferroni correction. Statistical significance was defined as P ≤ .05. A descriptive analysis of data with repeated measures was conducted for all patients during the first 3 days. Because the treatment failed or was successful in some patients within that period, the number of patients analyzed decreased between days 1 and 3; we therefore performed exploratory analyses of repeated measurements of clinically relevant quantitative data during the first 3 days, using a linear mixed-effects model to compare the 2 study interventions, with subject as a random effect and graphic verification of model validity. For multiple betweengroup comparisons, we applied the Bonferroni correction.
All analyses were performed with R software version 3.1.0 (http://www.r-project.org). Linear mixed-effects models were built with the RVAideMemoire package.
Results
Study Patients
We randomized 830 patients (Figure 1 ), all of whom completed the study. Acute respiratory failure was the inclusion criterion in 240 patients (57.7%) allocated to BiPAP and 248 (59.9%) allocated to high-flow nasal oxygen therapy. Baseline characteristics were similar in the 2 groups ( Table 1) . Patients with an average age of 64 years in each group had undergone cardiothoracic surgery, of which coronary artery bypass, valvular repair, and pulmonary thromboendarterectomy were the most common. Approximately 80% of patients in each group were operated on with cardiopulmonary bypass.
Primary Outcome
High-flow nasal oxygen therapy was not inferior to BiPAP: with BiPAP, treatment failure occurred in 91 of 416 patients (21.9%; 95% CI, 18.0%-26.2%) compared with 87 of 414 (21.0%; 95% CI, 17.2%-25.3%) with high-flow nasal oxygen. The risk difference was 0.9% (95% CI, −4.9% to 6.6%; P = .003). Median time from treatment initiation to treatment failure was 1.0 day with BiPAP (interquartile range, 0-2.0 days) vs 1.0 day with high-flow nasal oxygen therapy (interquartile range, 0-2.0 days) (P = .96) (Figure 2) . Reintubation was performed in 57 patients with BiPAP (13.7%) and 58 with high-flow nasal oxygen therapy (14.0%) (P = .99). Switching to the other study treatment occurred for 33 patients with BiPAP (7.9%; 95% CI, 5.6%-11.0%) and 45 with high-flow nasal oxygen therapy (10.8%; 95% CI, 8.5%-14.9%) (P = .15). Premature discontinuation was noted for 15 patients with BiPAP (3.6%; 95% CI, 2.1%-6.0%) and 6 with high-flow nasal oxygen therapy (1.4%; 95% CI, 0.6%-3.3%) (P = .04). Details on treatment failures are provided in eFigure 1 in Supplement 2. Reasons for reintubation are reported in eTable 1 in Supplement 2. Patients who underwent reoperation were systematically intubated and considered a failure.
In a sensitivity analysis exploring the effect in patients with more severe hypoxia (PaO 2 :FIO 2 ratio <200), BiPAP failed in 58 of 234 patients (24.8%; 95% CI, 19.5%-30.9%) and high-flow nasal oxygen therapy in 66 of 240 (27.5%; 95% CI, 22.0%-33.7%) (P = .50).
Respiratory Variables
Courses of respiratory variables are reported in Table 2 . Six to 12 hours after BiPAP initiation, mean tidal volume was 7.2 mL/kg (SD, 3.4 mL/kg), mean inspiratory pressure 9.3 cm H 2 O (SD, 2.6 cm H 2 O), and mean expiratory pressure 4.2 cm H 2 O (SD, 1.0 cm H 2 O). In the high-flow nasal oxygen therapy group, mean preset flow was 46.7 L/min (SD, 4.9 L/min).
Respiratory support was required throughout the first 3 days for 304 patients: 153 in the BiPOP group and 151 in the highflow nasal oxygen group. PaO 2 :FIO 2 increased from day 1 to day 3 in both groups: from 160 (95% CI, 149-170) to 187 (95% CI, 173-202) in the BiPAP group and from 136 (95% CI, 127-145) to 157 (95%CI, 145-169) in the high-flow nasal oxygen group (P < .001) but was significantly higher with BiPAP (P < .001) (eFigure 2 in Supplement 2). Respiratory rate was significantly higher with BiPAP from day 1 to day 3: from 29.7/min (95% CI, 28.6-30.7) to 28.4/min (95% CI, 27.5-29.4) in BiPAP group and 26.7/min (95% CI, 25.7-27.7) in high-flow nasal oxygen group (P < .001) and remained significantly higher with BiPAP. PaCO 2 was similar between groups from day 1 to day 3: from 39. 
Clinical Outcomes and Adverse Events
Dyspnea and comfort scores during the first 3 days were similar in both groups. The proportion of patients with skin breakdown during the first 2 days was higher in the BiPAP group (Table 3) .
No significant differences were found for intensive care unit mortality (23 patients with BiPAP [5.5%; 95% CI, 3.6%-8.3%] and 28 patients with high-flow nasal oxygen therapy [6.8%; 95% CI, 4.6%-9.7%]; P = .66) or for any of the other secondary outcomes, including number of nurse interventions for unplanned device readjustment (Table 3 and Table 4 ). Causes of death in the intensive care unit are reported in eTable 2 in Supplement 2.
Discussion
This multicenter, randomized, unblinded trial with 830 patients showed that high-flow nasal oxygen therapy was not inferior to BiPAP for patients with hypoxemia after cardiothoracic surgery. Effects on respiratory variables were rapid with both methods. BiPAP was associated with a higher PaO 2 :FIO 2 ratio; high-flow nasal oxygen therapy, with lower values for PaCO 2 and respiratory rate. High-flow nasal oxygen therapy had no effect on frequencies of adverse events or stay lengths in the intensive care unit or hospital.
Severe hypoxemia is common after cardiothoracic surgery 1,2 and is often treated or prevented with noninvasive ventilation, 4,5,7-9 a method reported to improve outcomes of hypoxemic patients after thoracic 11, 19, 23, 24 or cardiac 12,25-27 surgery, decreasing the risk of pulmonary complications and reintubation. 8, 9 However, high-flow nasal oxygen therapy is increasingly used for critically ill adults. 13 In nonsurgical hypoxemic patients, compared with low-flow oxygen therapy, Percentages of patients in whom treatment with either bilevel positive airway pressure (BiPAP) or high-flow nasal oxygen did not fail after postoperative extubation. Treatment failure occurred in 91 of 416 patients with BiPAP (21.9%) and 87 of 414 patients with high-flow nasal oxygen therapy (21.0%) (absolute difference, 0.86%). Treatment failure was defined as reintubation for mechanical ventilation, switch to the other study treatment, or premature study treatment discontinuation (at the request of the patient or for medical reasons such as gastric distention). high-flow nasal oxygen therapy may be more effective than lowflow oxygen therapy in improving oxygenation 14, 15, 28 and comfort 14 after cardiothoracic surgery.
It has been reported that noninvasive ventilation used preventively did not affect the frequency of reintubation, 29 which was only 5.5% after thoracic surgery 30 and less than 2% after cardiac surgery. 26 Thus, there may be room for improvement in selecting patients likely to benefit from noninvasive ventilation. 6, 31 In our study, BiPAP or high-flow nasal oxygen therapy was used prophylactically only for patients with risk factors for respiratory failure after extubation: obesity, 32 heart failure, 6, 20, 33 and failure of spontaneous breathing trial. With noninvasive ventilation used to treat respiratory failure, the need for subsequent intubation ranges from 19% to 30%. 11, 12, 19, 23, 27 A single randomized trial found that noninvasive ventilation after lung resection decreased the frequency of intubation from 50.0% to 20.8% and also decreased mortality. 11 Both reintubation and mortality rates decreased significantly with noninvasive ventilation in the single published randomized study after heart surgery; the frequency of reintubation decreased from 80.9% to 18.8%. 12 We defined failure of each study treatment as reintubation or switch to the other study treatment or premature discontinuation of the randomly allocated treatment. Despite the subjective component of the 2 last criteria, this definition helped us to replicate everyday clinical practice. The reasons for reintubation were not different between the 2 groups. In a general population of patients with respiratory failure after extubation, mortality was higher with noninvasive ventilation. 34 We found low and similar mortality rates in the 2 groups. The considerable skill and experience required to administer noninvasive ventilation may contribute to discrepancies across studies. 10 Oxygenation improved more with BiPAP, as previously reported, 35 perhaps because of the higher positive end-expiratory pressure compared with high-flow nasal oxygen therapy.
36,37
Unexpectedly, PaCO 2 decreased faster during high-flow nasal oxygen therapy, with possible explanations being a higher tidal .03
Abbreviations: BiPAP, bilevel positive airway pressure; SOFA, Sequential Organ Failure Assessment.
a P values for between-group comparisons at each time point, not adjusted for multiple comparisons. Qualitative variables were compared using a global Fisher test with Bonferroni correction. SOFA scores and nurse interventions per patient were compared using a Wilcoxon rank-sum test. Radiologic scores were compared using a t test. The radiologic score was determined with a modification of the technique described by Weinberg et al.
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Briefly, anterior-posterior chest roentgenograms were divided into 4 zones, using a horizontal line originating from the hilus. Each zone was then graded as follows: 0, normal; 1, interstitial pulmonary infiltrates; 2, fluffy alveolar infiltrates; and 3, dense alveolar infiltrates. Thus, the score could range from 0 to 12, with higher scores indicating greater severity of infiltration. Some differences could be explained by the continuity of the treatment. Bilevel positive airway pressure was applied continuously until clinical respiratory stability was obtained and intermittently thereafter, whereas high-flow nasal oxygen was applied continuously with a low level of positive airway pressure during inspiration and expiration. 40 Effects on dyspnea were similar with the 2 treatments. Good tolerance of high-flow nasal oxygen has been reported. 35 However, 20% of our patients experienced persistent marked discomfort with either treatment method. Skin breakdown 8 was significantly more common in the BiPAP group.
It has been reported as nearly consistent after 12 consecutive hours of noninvasive ventilation. 18 Nasal trauma was less common in infants treated with high-flow nasal oxygen therapy compared with noninvasive ventilation.
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Nursing care action for unplanned device readjustments was similar between the 2 groups and consistent with that of a recent study. 38 However, we did not count the time needed to put the device in place, which had to be done 6 times per 24 hours with BiPAP vs only once with high-flow nasal oxygen therapy. A lower nurse workload was noted with highflow nasal oxygen therapy. The similar frequency of bronchoscopy in the 2 groups probably reflects the use of the same protocols for secretion and atelectasis management 42 and for confirming suspected pneumonia. Our results suggest that high-flow nasal oxygen therapy could be used as a first option because it does not hamper the patient's prognosis and it provides some advantages, such as ease of application and lower nursing workload. However, our results indicate that high-flow oxygen therapy could in fact be worse by up to 4.9%.
Our study has several limitations. First, one of the main considerations in designing it was the proven efficacy of noninvasive ventilation in acute respiratory failure after cardiothoracic surgery. Therefore, we did not consider using the low-flow oxygen device and chest physiotherapy as the comparator. Most physicians now use noninvasive ventilation to treat postoperative acute respiratory failure and are confident of the efficacy of this method. 5 Moreover, in 2 well-conducted studies, noninvasive ventilation decreased mortality compared with standard treatment 11, 12 This method is therefore widely used. 4, 5 Second, BiPAP or high-flow nasal oxygen therapy was used for preventive or curative treatment. These 2 situations may be difficult to differentiate when noninvasive ventilation is used. 31 Third, although we applied predefined criteria for reintubation or complications, bias cannot be completely ruled out because blinding was not feasible. Fourth, the FIO 2 delivered between BiPAP sessions was calculated instead of measured. Calculated fractions are often higher than measured ones, and we may therefore have underestimated the PaO 2 :FIO 2 ratio in the BiPAP group.
Conclusions
Among patients undergoing cardiothoracic surgery with or at risk for respiratory failure, the use of high-flow nasal oxygen compared with intermittent BiPAP did not result in a worse rate of treatment failure. The findings support the use of highflow nasal oxygen therapy in this patient population. 
